We studied articular calcified cartilage (ACC) and the immediately subchondral bone (SCB) in normal and osteoarthritic human femoral heads. Thick slices of human normal reference post mortem (PM) and osteoarthritic (OA) femoral heads (age 55 -89 years) were embedded in PMMA, micromilled, carbon coated and studied using quantitative backscattered electron (qBSE) imaging to determine variations in degree of mineralization. With exact microanatomical location, nanoindentation was performed on the same block faces in representative superior (more highly loaded) and medial regions of the joint surface. Using a partial unloading method, elastic modulus as a function of indenter penetration depth was determined using a spherical tipped diamond indenter. A pointed indenter was used to determine the tissue hardness in selected locations. The relationship between mineralization and indentation modulus was more distinct in ACC than in SCB, the latter having a higher matrix concentration with variable collagen orientation. In OA, the bulk of the measurements were coincident with those in the PM samples, although there was a greater range in the levels of mineralization and modulus in ACC. In OA, extremely hypermineralized ACC was found in ACC proper, especially in superior regions, and translocated into SCB and hyaline cartilage. The very highly mineralized cartilage fragments may function as a hard grinding abrasive, accelerating wear rates whether attached to or fragmented from the eburnated surfaces of OA ACC. Highly mineralized regions would also alter loading patterns and thereby contribute to further destruction of the joint tissues.
Introduction
Over the last few decades, much effort has been devoted to the study of the structure and the physical and mechanical properties of bone tissue over the several hierarchical scales between nanometres and centimetres, and to the mineralization of growth plate cartilage, which precedes its partial resorption and replacement by bone in the process of bone growth via endochondral ossification. Against this, the deep calcified layer of cartilage at the joint proper has received scant attention. In the younger animal, the developmental situation here is analogous with the growth plate of the long bone. In the established mature joint, however, the rate of mineralization of articular cartilage is so slow that it bears little similarity to growth plate cartilage.
A thin layer of articular calcified cartilage (ACC) persists in the adult. It is highly interdigitated with bone that invades its deep surface after piecemeal osteoclastic resorption (Norrdin et al. 1999) , and cannot be cleanly separated to permit its independent study (Mente & Lewis, 1994) . With respect to the significance of ACC, erudition has not advanced much since Green et al. (1970) wrote that 'the histologically observed line that demarcates calcified and noncalcified layers usually appears reduplicated in older individuals. The reasonable assumption has been made that these reduplicated lines represent "tidemarks" of advancing waves of mineral deposition in the cartilage; furthermore, they reflect a renewing of endochondral growth and remodelling of the articular ends of the bones. Most accounts of osteoarthritis have it that the initial changes occur in the noncalcified part of the cartilage and disregard the calcified layer. A priori, one could as well envision a number of age-correlated changes in the calcified layer that could compromise the noncalcified portion and cause it to degenerate.'
The physical properties of ACC have remained underexplored. The temporal sequence of the advance of the mineralizing front that converts more hyaline articular cartilage (HAC) into ACC is barely understood. Tetracycline, calcein and similar labels for the mineralization process layer in a regular fashion in bone and dentine, but the data are obscure in ACC (Revell et al. 1990) .
Surprisingly little is known concerning the relative degrees of mineralization of ACC and subchondral bone (SCB). Microradiography has been applied, but for the best discrimination, thin ( ∼ 100-µ m) sections and soft X-rays (Green et al. 1970; François & Dhem, 1974) are required but rarely used. At the gross scale, it is known that the stiffness of the mineralized tissues relates to their degree of mineralization. Currey (1984) emphasized that this relationship is non-linear, with a steep rise in elastic modulus ensuing from a relatively small increment of mineralization.
It is logical to assume that the same relationships will prevail at a finer scale of study. However, mechanical
properties -elastic modulus, hardness, stress relaxation -are also sensitive to the microstructural organization and orientation .
In the present study, we combined methods to enable us to correlate tissue composition and elasticity at appropriate resolution. The methods enabled us to examine intercellullar tissue volumes in calcified cartilage and bone matrices and to discriminate layers and regions having contrasting compositions. Physical probing with a tool that measures the deformation of a loaded region in a surface matched our requirements in the 'nanoindentation' range (Bell et al. 1992; Oliver & Pharr, 1992; Field & Swain, 1993; Rho et al. 1997 Rho et al. , 1999 Lee et al. 1998; Zysset et al. 1998; Bushby, 2001) . qBSE was used to measure the degree of mineralization at the exact indentation sites. The present results are the first in which nanoindentation and qBSE have been combined to compare the same microvolumes in any investigation.
Materials and methods
The samples used were a subset of slices of human femoral heads from cases reported by Brown et al. (2002) .
These were obtained at operation or autopsy and stored frozen. areas were added to study regions of special interest.
Nanoindentation was conducted using a UMIS-2000 instrument (CSIRO, Sydney, Australia) with the PMMA blocks fastened to steel mounts using cyanoacrylate adhesive. The majority of the tests were performed with a spherical tip geometry, 5-µ m-radius diamond indenter, to determine elastic modulus. Indenter tip shape and frame stiffness were calibrated using a multiple reference material method (Bushby & Jennett, 2001 ). Each indentation test consisted of 40 load increments, unloading to 75% of each load between increments. Elastic modulus ( E ) was calculated as a function of contact depth (Field & Swain, 1993; Bushby, 2001) 
Fig. 1
Montage of qBSE images of the mineralized tissues closest to the joint in an OA femoral head, 74-year-old female, showing eburnation of ACC and SCB on the superior, highly loaded surface and gross hypermineralization in medial SCB. Each square image has a 2.7-mm field width (1024 2 pixels). qBSE montages were used to select areas for nanoindentation testing.
for each load -partial-unload data pair, and a mean In addition, a three-sided Berkovich (pointed) indenter was used to test areas adjacent to or interleaved with spherical indenter array sites (Fig. 4 ). Indentations were made to a maximum load of 10 mN, holding the maximum load for 120 s before unloading. Hardness and elastic modulus were determined using a method similar to that of Oliver & Pharr (1992) , fitting the first 45% of the unloading curve with a second-order function, differentiating and evaluating the elastic recovery rate at the maximum load to determine the contact depth. Berkovich indenter tip shape and frame compliance were calibrated using a two-reference material method (Herrman et al. 1999) .
The samples were then remounted on SEM specimen carriers and again imaged using 2048 2 -pixel, 594-µ mwide compositional BSE (all four detector sectors positive) image fields that straddled the indent arrays (Fig. 2a,c,d ). To achieve exact site matching, topographic images (two adjacent detector sectors negative, two positive) of such fields were recorded for identification of the specific location of each indent site (Fig. 2c) . A binary image mask was derived with appropriately positioned patches aligned with the visible marks at the array boundaries. This demarcated the separate indentation sites automatically: the binary mask was overlain on the corresponding composition image (Fig. 2d) . Mineral concentration (mean grey level) within each defined indentation patch ( ∼ 220-pixel area) was derived from the qBSE data using Sig- 
Results
All images are presented here with the articular surface towards the top: ACC can be distinguished from SCB by the morphology of the tissue and the larger size of chondrocytic compared with osteocytic lacunae. BSE images show more highly mineralized tissue as a brighter phase (Figs 2d, 3 and 4) . A colour look-up table ranking qBSE data into eight classes (Fig. 2b ) was applied after grey levels were scaled using the halogenated dimethacrylate standards (Boyde et al. 1999 ).
This allowed visual inspection of bone mineralization density from the qBSE images. Bone marrow space, HAC and cell lacunae are non-mineralized and filled with PMMA: they appear as black in qBSE images after scaling the grey range to the standards. qBSE imaging shows a remarkable variation of mineral concentrations within the ACC (Figs 3 and 4) . There is less variation in the composition of the PM SCB (Fig. 3a,b) . In contrast, OA SCB includes a higher preponderance of volume fractions containing a lower mineral concentration (Fig. 3c,d ). Medial ACC (Fig. 3b,d ) often contains more tidemarks than superior ACC (Fig. 3a) . Superior ACC in OA is mostly thin, eburnated or absent (Fig. 3c) . Regions selected as being of special interest demonstrated layering in the degree of mineralization in medial ACC (e.g. Fig. 4a ) and hypermineralization in both superior (e.g. Fig. 4b ) and medial ACC (e.g. Fig. 4c ).
The condition of the tissues in the six OA cases was compared with that in the five PM cases. Indent arrays had been positioned within image fields representative of medial or superior regions. For statistical analysis (Figs 5 and 6), we needed set sizes that were the same for each case (patient, individual) and each location (medial, less-loaded vs. superior, more-loaded).
After rejection of data derived from cracks etc. we could only get 61 data points from one field from one particular case and therefore limited the other set sizes to 61 per site per location for each patient. We then used a random selection process to choose which were included. We compared five random selections and concluded that there was negligible variance. Significantly greater values for mineralization in PM ACC occur with no change in the corresponding indentation modulus or in vivo loading (medial vs. superior: one-way ANOVA, α = 0.05: asterisk denotes significant differences from SCB values).
Fig. 6
Mean ±95% CI values for mineralization and indentation modulus in PM and OA samples, matched set size data. In OA SCB, mineralization is lower and indentation modulus tends to decrease from PM levels, with no effect of in vivo loading conditions (medial vs. superior). In OA, mineralization and indentation modulus are lower in medial ACC and greater in superior ACC. (One-way ANOVA, α = 0.05: asterisk denotes significant differences from PM values.) locations. In PM ACC, the mean mineralization level is significantly higher than in SCB (7.2%, P < 0.001) without a concurrent increase in indentation modulus (Fig. 5 ). For SCB (Fig. 6) , the mean mineralization level in OA cases is significantly lower than in PMs (4.6%, P < 0.001) and is not different by site (medial vs. superior). However, the mean indentation modulus is not significantly affected by this change in mineralization.
In OA ACC, superior vs. medial position, as an indicator of different in vivo loading conditions, has a significant relationship with measured properties. Thus superior ACC in OA is more highly mineralized than medial ACC (+12.5%, P < 0.001), accompanying an increased mean indentation modulus (+14.3%, P < 0.001). A part of this difference is related to the fact that the mean values for mineralization and modulus of medial ACC are significantly lower than PM levels ( − 9.4% and − 6.0%, respectively, P < 0.001). However, the mean elastic modulus of superior ACC in OA is increased above PM levels (+8.2%, P < 0.001), with only a moderate increase in mineral concentration (+3.7%, P < 0.001).
Superimposition of all data sets reveals a 'busy' central region in the positively correlated data, where most of the PM and OA measurements lie, that is well within one standard deviation from the mean grey-level values (181.0 ± 31.0 and 158.0 ± 21.0, mean ± standard deviation for ACC and SCB, respectively) and the indentation modulus (20.1 ± 3.9 GPa and 18.4 ± 2.7 GPa, respectively; Fig. 7) . By correlating nanoindentation with qBSE grey levels, we find that ACC and SCB do not share the same global relationship between mineralization and modulus (Fig. 7) . In PM samples, the morphology of ACC varies over the surface of the joint, but does not cover a wide range of mineralization levels (Fig. 8, lower left panel) . In contrast, OA samples contain very poorly mineralized, normal and very highly mineralized ACC and SCB (Fig. 8, right panels) . bulk of the SCB qBSE measurements do not reach the extremes found in the most mineralized cartilage (Fig. 7) .
The relationship between mineralization and indentation modulus is more distinct in ACC than in SCB (Fig. 8) .
Hardness measurements were targeted on: (a) ACC layers contrasting strongly in the degree of mineralization (Fig. 4a) ; (b) hypermineralized ACC in a superior, eburnated zone (Fig. 4b) ; and (c) on a medial, less highly loaded surface (Fig. 4c) . The hardness of hypermineralized ACC (Fig. 9) is also positively correlated to mineralization, and reaches values of ≈ 1.3 GPa. In the hypermineralized regions, the hardness of the cartilage reaches twice that of SCB (Fig. 9) . Hardness values for SCB are comparable with those reported previously by Rho et al. (1997 Rho et al. ( , 1999 and Zysset et al. (1999) . Progressing from the HAC-ACC interface to the SCB (Figs 4a and 10 ), tidemarks are shown as a step increase in mineralization that is apparent in both hardness (30%) and indentation modulus (50%). In Fig. 10 , the mechanical properties of the innermost ACC match that of the adjacent SCB.
The bulk of the matched spherical nanoindentation and qBSE measurements are roughly coincident for the PM and OA groups, but the range of mineralization of OA ACC is greater, i.e. it may be both much lower (Fig. 11 ) and much higher (Figs 12 and 13) than in PM tissue. The low end of the range on the medial surface in OA SCB is extended by values characteristic of poorly mineralized woven bone adjacent to very highly mineralized SCB and ACC (Fig. 11) . Atypical mineralized deposits add to the pool of extremely mineralized ACC in PM samples (Fig. 12 ), but were not included in our data analysis as they lay entirely within the HAC. In OA, the indentation modulus of ACC continues to increase with very small increments in mineralization at the top of the range (Fig. 13) .
Fig. 10
Values for hardness (top), and indentation modulus (bottom, ACC = dark blue; SCB = green symbols) from Berkovich array shown in Fig. 4a (image at centre, ACC = dark blue; SCB = mid blue; rejected = white). Note increase in both measured parameters in the deeper, more mineralized ACC. The apparent modulus matching between ACC and SCB may facilitate bonding and load transmission between ACC and SCB. Fig. 9 Hardness vs. mineralization in areas adjacent to previously indented arrays seen in Fig. 4(a-c) , for three OA samples.
In OA femoral heads, ACC varies in thickness and degree of mineralization to a greater extent than in PM cases. Medial surfaces often contained ACC with tidemark layering more distinct than in PM samples (Figs 4a and 10) . Detached hypermineralized ACC can be: (1) buried within the SCB domain after impaction into the highly loaded superior region (Fig. 4b) ; (2) broken away from the surface of the ACC (Fig. 4c) ; or (3) form independently within the HAC (Fig. 12 ).
Discussion
Our results relate the morphology, mineralization and mechanical properties of ACC for the first time. ACC is so thin, and the osteochondral junction so complex, that it cannot be isolated from SCB to test independently (although we have found that ACC alone may, in places, form the external shell of the mineralized tissue). The joint is part of the larger structure, the bone organ, to which it is integrally related. This may be one reason why many prior researchers have focused on changes in subchondral trabecular bone as a cause of step change in stiffness of the tissue with each tidemark, which may serve to distribute loading and grade mechanical properties from the soft HAC to the SCB.
We theorize that an important function of the normal intact hyaline cartilage layer is to down-regulate the mineralization of its deep mineralizing layer, the ACC. Any loss of integrity of HAC would then enhance ACC mineralization and stiffness and hardness. Loss of the normal boundary conditions between HAC and ACC would further enhance breakdown of HAC, in a vicious circle.
In the case of direct hard tissue contact between femoral head and acetabulum, increased hardness might conceivably enhance wear resistance, but is more likely to lead to the generation of hard abrasive particles of supermineralized ACC that will function as a grinding paste between the contacting layers and accelerate the wear process. Such particles are found within the HAC. We discovered some hypermineralized ACC to be twice as hard as neighbouring SCB, a hardness approximately one-third of that of human dental enamel ( ∼ 3.5 GPa, Cuy et al. 2002) . We note that some of these hard particles become captive in the SCB, where they may become even more efficient in abrading the opposing hard tissue surface.
